Many new discoveries of base and precious metal (Ag-Pb-Zn-Cu) veins in the Great Hinggan Range ore district have made this region the most important Ag-Pb-Zn metallogenic belt in northern China. The newly discovered Bianjiadayuan deposit, which is located in this district, is characterized by diverse mineralization types, including porphyry Sn ± Cu ± Mo, breccia Sn-Pb-Zn, and base metal veins. Geochronological studies have revealed two separate mineralization events. The earliest magmatic-hydrothermal event is recorded by two robust zircon U-Pb ages of 140.8 ± 0.9 and 140.2 ± 0.6 Ma for the quartz porphyry intrusion. These ages are indistinguishable, within error, from the mean Re-Os age of 140.0 ± 1.7 Ma for molybdenite veins/veinlets hosted by the porphyry. A slightly younger 40 Ar/ 39 Ar age of 138.7 ± 1.0 Ma was obtained for sericite in base and precious metal (Ag-Pb-Zn) veins hosted by slate adjacent to the porphyry. On the basis of the U-Pb, Re-Os, and 40 Ar/ 39 Ar data, we infer that the above mineralization occurred at ~140 Ma and was caused by fluids released from the magma that crystallized the quartz porphyry. A late hydrothermal event is evident from numerous Cu-Pb-Zn-mineralized veins hosted in a gabbro intrusion with zircon U-Pb ages of 133.2 ± 0.9 and 133.0 ± 0.8 Ma. The late base metal veins are interpreted to be coeval with or postdate diorite dikes that intruded both gabbro and slate; the diorite yielded a zircon U-Pb age of 130.0 ± 2.8 Ma. The discovery of separate but superimposed hydrothermal events has important implications for local and regional exploration.
Introduction
Porphyry systems, including porphyry deposits, skarn, and base and precious metal epithermal deposits, contribute significant proportions of Cu, Mo, Zn, Pb, Au, and Ag to the world (Sillitoe, 2010) . A close spatial and temporal relationship between porphyry and polymetallic vein mineralization has been documented in numerous ore districts, e.g., the base metal veins at Morococha, Peru (Catchpole et al., 2015a, b) , the El Rosario veins at Collahuasi, Chile (Masterman et al., 2005) , the Ag-Pb-Zn veins at Laochang, China (Deng et al., 2016) , and the Main Stage veins at Butte, USA (Reed et al., 2013) . Base metal mineralization in these deposits typically occurs peripheral to, adjacent to, or superimposed on mineralized porphyry systems (Sillitoe, 1994 (Sillitoe, , 2010 Seedorff et al., 2005; Catchpole et al., 2015b) . Many studies indicate that these base metal veins are genetically related to the porphyry Cu-Mo mineralization (Hedenquist et al., 1998; Seedorff and Einaudi, 2004; Heinrich, 2005; Sillitoe, 2010) . Thus, the very close spatial-temporal-genetic connection between porphyry Cu-Mo and polymetallic (Ag-Pb-Zn) vein mineralization makes it a helpful guide for ore exploration and has led to the discovery of new base metal veins adjacent to porphyry Cu-Mo deposits and vice versa.
Some base metal veins peripheral to mineralized porphyry systems, however, may form during hydrothermal events that are not temporally and genetically related to the porphyry mineralization. It is therefore important to carefully establish the temporal relationship before inferring a genetic relationship. This can be done through a combination of careful field mapping and radiometric age determinations designed to establish the timing of ore mineral precipitation (Chiaradia et al., 2013) . Studies of this type are important for establishing the temporal framework of porphyry-related magmatichydrothermal events and better understanding the location of base metal veins therein (Chiaradia et al., 2009a (Chiaradia et al., , 2013 Sillitoe, 2010; von Quadt et al., 2011) .
Recent technical and methodological improvements in geochronological methods used in ore deposit geology (U-Pb, Re-Os, and 40 Ar/ 39 Ar) allow us to date minerals with much higher precision (i.e., an internal precision better than 0.2% for 40 Ar/ 39 Ar and Re-Os, and ~0.1% for U-Pb, all at the 2σ level; Chiaradia et al., 2013) . Consequently, a combination of high-precision zircon U-Pb, molybdenite Re-Os, and sericite 40 Ar/ 39 Ar dates may provide the temporal resolution needed to discriminate and bracket magmatic-hydrothermal events in porphyry systems (e.g., Deckart et al., 2005; Baumgartner et al., 2009; Chiaradia et al., 2009b Chiaradia et al., , 2013 Chiaradia et al., , 2014 Schütte et al., 2012; Chelle-Michou et al., 2015) .
The Great Hinggan Range in northeast China, one of the most important Cu-Mo-Pb-Zn-Ag-Au metallogenic belts in China, hosts a number of porphyry Mo(Cu), skarn Fe(Sn), epithermal Au-Ag, and hydrothermal vein-type Ag-Pb-Zn ore deposits (Zeng et al., 2011; Zhai et al., 2015; Shu et al., 2016) . The Bianjiadayuan deposit is one of the new Ag-Pb-Zn discoveries. Recent drilling and mining have identified new porphyry Sn ± Cu ± Mo mineralization adjacent to Ag-Pb-Zn veins in the Bianjiadayuan ore district. This well-preserved system offers an excellent opportunity to evaluate the temporal and genetic relationship between porphyry Sn ± Cu ± Mo and Ag-Pb-Zn deposits. Although a close spatial association has been identified, whether the porphyry Sn ± Cu ± Mo mineralization and base metal veins formed in a single magmatic-hydrothermal event or separate events is unknown.
To resolve the above issue, we conducted field mapping, core logging, careful sampling and analyses, and detailed geochronological studies. Our new geochronological data reveal that the porphyry mineralization and base metal veins formed in two discrete magmatic-hydrothermal events. This discovery will help guide mineral exploration in the Great Hinggan Range district.
The Great Hinggan Range Igneous and Metallogenic Belt
The Bianjiadayuan deposit of the Great Hinggan Range metallogenic belt lies in the easternmost part of the Central Asian orogenic belt (Fig. 1A) , which evolved through complex closure of the Paleo-Asian Ocean from the Neoproterozoic to the late Phanerozoic (Wilde, 2015) . It is rimmed by the Siberian, Tarim, and North China cratons (Fig. 1A) . The southern part of the Central Asian orogenic belt in northeast China is commonly referred to as the Great Hinggan Range or the Xing'an-Mongolian orogenic belt . Microcontinental blocks are widely distributed in the Central Asian orogenic belt and have been proposed to originate as part of Rodinia along the global Grenville orogenic belt from 1100 to 750 Ma . This region records a complex series of tectonic events that marked the transition from dominantly northward directed plate motion to E-W-directed motion related to movement of the Paleo-Pacific plate (Li, 2006; Wilde, 2015; Wilde and Zhou, 2015; Liu et al., 2017 , and references therein). The tectonic evolution of the Central Asian orogenic belt since the Late Permian can be briefly summarized as follows: (1) in the Late Permian (~260 Ma), closure of the Paleo-Asian Ocean was completed; (2) there was a switch in geodynamic setting in the Late Permian-Early Triassic (~260-250 Ma), which is reflected by the Paleo-Asian Ocean closure and the onset of tectonism associated with subduction of the Paleo-Pacific plate; (3) events associated with the westward advance of the Paleo-Pacific plate dominated in the Early Jurassic-Early Cretaceous (~250-140 Ma); and (4) after the Early Cretaceous (~140 Ma), the Paleo-Pacific plate retreated eastward, resulting in an extensional setting associated with regional thinning and delamination of the lithosphere in northeast China (Li, 2006; Wang et al., 2006; Zhang et al., 2008 Zhang et al., , 2010 Wu et al., 2011; Wilde, 2015; Wilde and Zhou, 2015; Liu et al., 2017) . Many different types of ore deposits formed during the different stages of the tectonic evolution of northeast China. Thus, the Central Asian orogenic belt is also considered one of the most important regions for polymetallic Cu, Mo, Ag, Au, Pb, and Zn mineralization in the world (Hong et al., 2003) . Mining in the Great Hinggan Range ore belt began in the 1960s and led to the exploitation of major resources of Mo, Au, Cu, and rare earth elements (REEs) and lesser by-product Ag, Pb, Zn, Sn, and W. During the 1960s to the 1990s, mining activity in this region focused mainly on porphyry CuMo-Au deposits, and its precious and base metal potential was largely unrecognized. As a result of recent strong financial support from the government, extensive exploration programs have been successful in identifying numerous mineral deposits and areas of anomalously high metal concentrations in the region. An estimated total metal resource of >11.4 Mt Mo, 5.0 Mt Cu, 2.0 Mt Sn, 45,000 t Ag, and 15 Mt Pb + Zn has been identified.
The eastern segment of the Central Asian orogenic belt is characterized by the widespread occurrence of Mesozoic volcanic and intrusive rocks (Fig. 1B) , mainly comprising I-and A-type granitoids (Xiao et al., 2004; Wu et al., 2011) . It has been estimated that ~50% (or ~200,000 km 2 ) of the exposed land surface of the Great Hinggan Range in northeast China is composed of granitic rocks; coeval volcanic rocks are also extensive (Zhang et al., 2008; Wu et al., 2011) . Although Paleozoic granitoids have been identified in previous studies (Wu et al., 2002; Wilde et al., 2003) , recent studies of the spatial and temporal relationships of the granitoids indicate that voluminous granitoids in northeast China formed in the Mesozoic, with the majority being Jurassic to Cretaceous in age (Zhang et al., 2008; Wu et al., 2011; Shu et al., 2016) . Based on a recent review of precise geochronological ages in northeast China (Wu et al., 2011) , the timing of the emplacement of these Mesozoic granitoids varies spatially. For example, granitoids in the eastern part were mostly emplaced during the Jurassic (190-150 Ma) with minor intrusions in the Paleozoic, whereas in the easternmost part, they were emplaced at ~115 Ma (Wu et al., 2011) . By contrast, granitoids in the western part of the Great Hinggan Range were mostly emplaced in the Early Cretaceous (135-120 Ma), with some in the Paleozoic, and in the westernmost part, they mainly formed in the Jurassic (190-160 Ma; Wu et al., 2011) .
The numerous Mesozoic granitoids in northeast China can be broadly divided into two stages related to distinct geotectonic episodes, i.e., Triassic-Jurassic (~210-155 Ma) and the Early Cretaceous (~140-110 Ma). The Triassic-Jurassic granitoids are dominantly A type and are most abundant in the Xing'an and Songliao blocks (Wu et al., 2002) . It has been suggested that Jurassic granitoids in the east part of northeast China were probably related to the subduction of the Pacific plate, whereas the contemporaneous granitoids in the northwest might be related to the southward subduction and subsequent closure of the Mongo-Okhotsk oceanic plate (Wu et al., 2011; Tang et al., 2016) . During the Late Jurassic, collision was succeeded by subduction of the Paleo-Pacific plate beneath the Eurasian continental plate, and available Sr-Nd isotope data suggest that these magmas were derived from asthenospheric mantle and recycled ancient crust (Chen and Jahn, 2001) .
The second stage of magmatism in the Early Cretaceous (~140-110 Ma) comprises both I-type (granodiorite, monzogranite, and syenite) and A-type granitoids (Wu et al., 2002) , which were emplaced along NNE-to NE-trending extensional fault zones, and formed from melts derived from the lower crust (Wei et al., 2008) . The regional Cretaceous granitoids show an eastward-younging trend, which indicates their emplacement in an extensional setting (Zhang et al., 2010; Shu et al., 2016) . It is proposed that early Paleo-Pacific subduction in the Jurassic caused subsequent lithospheric delamination or rollback and extension of the back-arc area Zhang et al., 2008 Zhang et al., , 2010 Wu et al., 2011) . Consequently, the emplacement of abundant Cretaceous granitoids in northeast China is considered to be related to regional lithospheric delamination associated with rollback of the Pacific plate (Zhang et al., 2008; Wu et al., 2011; Wilde, 2015) . Compared with other areas in the Central Asian orogenic belt, northeast China was significantly affected by Paleo-Pacific subduction and can be considered as one of the most important areas of the eastern Asian active continental margin during the Mesozoic (Wu et al., 2011) .
Mineralization of the Southern Great Hinggan Range
The Great Hinggan Range metallogenic belt in northeast China hosts a number of porphyry Mo-Cu-Au, greisen Sn-W, skarn Fe-Sn-Pb-Zn, epithermal Au-Ag, and base metal vein deposits (Zeng et al., 2011 Shu et al., 2013 Shu et al., , 2016 Ouyang et al., 2014 Ouyang et al., , 2015 Zhai et al., 2014a, b; 2017). These deposits are mainly hosted by Permian strata and Mesozoic granites (Fig. 1C ) produced during regional Mesozoic magmatism (Mao et al., 2005; Zhai et al., 2015; Shu et al., 2016; Chen et al., 2017; Wang et al., 2017) . The spatial distribution of the deposits was mainly controlled by a zone of NE-trending normal faults that is about 100 km long and 20 km wide ( Fig. 1C ; Ouyang et al., 2015) . Recent exploration has revealed that Ag-Pb-Zn-(Cu) vein-type deposits are particularly common in the southern segment of the Great Hinggan Range (Fig. 1C) , and this has led to the discoveries of the Shuangjianzishan, Bianjiadayuan, Bairendaba, and Weilasituo deposits Ruan et al., 2015; Liu et al., 2016; Wang et al., 2017) , defining an important AgPb-Zn polymetallic metallogenic belt in northeast China.
Geochronological studies show that magmatic-hydrothermal deposits in this area formed during two distinct metallogenic events: an early event in the Permian and Triassic (230-290 Ma; Zhou et al., 2014; Duan et al., 2015; Jiang et al., 2017) , and a late event in the Jurassic and Cretaceous (130-160 Ma; Ouyang et al., 2015; Zeng et al., 2015; Liu et al., 2016; Jiang et al., 2017; Wang et al., 2017) . Most of the porphyry, skarn and hydrothermal vein-type ore deposits formed during the second metallogenic event, synchronously with the intrusion of A-type granites (Mao et al., 2005; Wu et al., 2011; Ruan et al., 2015; Ouyang et al., 2015) . Although there have been numerous determinations of the ages of the porphyrytype deposits, precise ages for the spatially associated Ag-PbZn mineralization are commonly lacking. This is due in part to the fact that much less research has been devoted to these deposits and, more importantly, to the lack of datable minerals. Recently, a close genetic relationship between porphyry and base metal vein-type mineralization has been proposed for some ore deposits in the district. For example, the porphyry Sn-W-(Rb) and Cu-Zn-Ag vein-type deposits at Weilasituo are interpreted to have formed in a single ore system related to a local quartz porphyry on the basis of the geochronological data . Although a similar genetic connection has been suggested by Ruan et al. (2015) for the Bianjiadayuan deposit, the lack of reliable geochronological constraints and field evidence makes this conclusion much less convincing.
Geology and Mineralization Styles of the Bianjiadayuan Deposit
The strata exposed in the ore district mainly belong to the Permian Zhesi Formation, comprising metamorphic and sedimentary rocks, including slates and siltstones that dip northnorthwest at 50° to 55°, and Quaternary alluvial deposits ( Fig. 2A) . The main igneous rocks exposed in the ore district are quartz porphyry, gabbro, and numerous NE-and NWtrending diorite dikes ( Fig. 2A) . A gabbro pluton (strike of 300°), with a length of 1 km and a width of ~300 m, accounts for >20% of the surface outcrop in the mine area. Quartz porphyry is mostly concealed in the western part of the ore district; there is a small exposure in the southeast ( Fig. 2A) . The quartz porphyry mainly consists of quartz (~45-~50%), K-feldspar (~40-~45%), plagioclase (~5-~10%), and minor biotite. Contact relationships between the gabbro and quartz porphyry are unclear. Numerous NE-trending diorite dikes with widths up to 10 m intrude Permian slate, gabbro and, rarely, Ag-Pb-Zn mineralized veins (Figs. 2, 3 ). The emplacement of the igneous rocks and ore deposits was controlled primarily by NE-NNE-oriented faults (Fig. 1C) . However, within the ore district, most gabbro bodies and base metal veins are structurally controlled by NW-oriented brittle faults ( Fig. 2A) . Those faults and fractures dip northeast and southwest at angles of 65° to 80°. They have been traced for lengths of 220 to 600 m and widths of 1 to 10 m. The major faults cut Permian slate, gabbro, and quartz porphyry ( Fig. 2A) . Mineralized Ag-Pb-Zn veins in the Bianjiadayuan ore deposit were discovered in 2012 and then mined. These veins are hosted mainly by the Permian slate. The estimated reserves are 4.8 Mt of ore grading 157 g/t Ag, 1.98 wt % Pb, and 1.96 wt % Zn; the Ag resource is 650 t and the Pb + Zn resource is 0.18 Mt. The other recovered metals include Sb and Cu. Recent core drilling and mining have identified new porphyry Sn ± Cu ± Mo and breccia-type Sn-Pb-Zn zones to the west of the Ag-Pb-Zn veins in the Bianjiadayuan ore district. These porphyry-and breccia-type ores have not yet been mined. The porphyry deposit is estimated to contain 5.18 Mt of ore grading 0.32 wt % Sn. It also contains ~1,000 t Cu and ~550 t Mo. The breccia deposit contains 1.52 Mt of Pb + Zn ore grading 0.74 wt % Pb and 1.11 wt % Zn, and Sn ore grading 0.25 wt %. In addition, recent underground mining has revealed several new Cu-Pb-Zn-mineralized veins in the gabbro intrusion, constituting ore reserves of 1.88 Mt of ore grading 2.79 wt % Pb + Zn and 0.98 wt % Cu. Thus, four deposit types occur in a small area of ~3.7 km 2 ( Fig. 2A) , and the base metal veins occur within several hundred meters of the porphyry-type mineralization (Fig. 2B ). The details of the various mineralization types are summarized as follows.
Porphyry-type Sn ± Cu ± Mo mineralization
Recent core drilling has shown that the porphyry occupies an area with a length of 1,500 m and a width of ~270 to ~750 m, and the area of the mineralized part is approximately 0.7 km 2 ( Fig. 2A) . Porphyry-type mineralization is commonly centered over, around, and on the top of a concealed porphyry intrusion. The Sn ± Cu ± Mo-mineralized zones are dominantly structurally controlled, with most occurring as veins, stockworks, veinlets, and disseminations in altered porphyry. In a vertical direction, from the porphyry core upward, the ore metals display a zonation of Sn, Cu, and Mo. The main economic metal is Sn, and the minor recoverable metals are Mo and Cu. The ore minerals are cassiterite, stannite, and pyrite, as well as minor molybdenite, chalcopyrite, pyrrhotite, arsenopyrite, galena, and sphalerite, and they mainly occur in polymetallic quartz veins/veinlets and stockworks or as disseminations around these veinlets, which are hosted in quartz-sericite-altered rocks. Cassiterite, with variable proportions of stannite, typically dominates the ores at depth and transitions upward into zones of minor chalcopyrite-arsenopyrite and molybdenite-pyrrhotite-galena-sphalerite. The core of the porphyry system underwent early weak potassic alteration, which is well developed at depth in the quartz porphyry intrusion. This alteration is manifested by the presence of secondary K-feldspar and biotite. Beyond the core, phyllic alteration is the most widespread alteration type. It is developed laterally outward and above the potassic alteration zone. The phyllic alteration assemblage is characterized by the sampling locations for various geochronological dating are also illustrated (B). The lower and upper parts of the porphyry system are characterized by mineralized veins/ veinlets associated with alteration assemblage of quartz-sericite (C) and epidote-chlorite (D), respectively. Breccia-type mineralization involving slate and porphyry fragments occurs in outcrop (E) and is spatially associated with the quartz porphyry intrusion; representative Cu-Pb-Zn-and Ag-Pb-Zn-mineralized veins are hosted by gabbro (F) and slate (G), respectively.
occurrence of secondary quartz, sericite, and disseminated or veinlet pyrite (Fig. 2C ). Sericite partially replaced plagioclase, and fine-grained sericite and quartz occur in the groundmass. Finally, propylitic alteration forms a halo to the porphyry system and is recognized by the presence of abundant chlorite and epidote with subordinate quartz and carbonate (Fig. 2D ). The propylitic zone extends from the porphyry intrusion for a distance of ~300 m into the slate. Argillic alteration, which is very common in many porphyry systems, is rarely recognized in the Bianjiadayuan deposit. In summary, the alteration types and their zonation are similar to those of other typical porphyry Cu-Mo deposits worldwide (Sillitoe, 2010) .
Breccia-type Sn-Pb-Zn mineralization
Abundant breccias occur in outcrop ( Fig. 2B ) spatially related to the quartz porphyry intrusion. Several Sn-Pb-Zn-mineralized zones are hosted in the breccia, mainly above porphyry mineralization ( Fig. 2A, B) . The breccias are composed dominantly of fragments of slate and quartz porphyry cemented by fine rock fragments and sulfides (Fig. 2E ). The breccia compositions vary from east to west, with the proportion of porphyry relative to slate gradually increasing. The breccia is interpreted to be related to the concealed quartz porphyry . Most of the sulfides in the breccia form a cement between porphyry and slate fragments (Fig.  2E ). The breccia ore zones occur at relatively shallow depths, ≤~160 m. As is the case for the porphyry, the metals are zonally distributed in the breccia-type mineralization, with relatively deep Sn-(Cu)-dominant ores grading vertically to shallow Pb-Zn-dominant ores. Hydrothermal alteration in the breccia-type mineralization is characterized by an assemblage of quartz, chlorite, epidote, sericite, and kaolinite.
Vein-type Ag-Pb-Zn mineralization
The known Ag-Pb-Zn veins are located several hundred meters east of the porphyry Sn ± Cu ± Mo mineralized zones ( Fig. 2B ) and are generally hosted by the Permian slates (Fig. 2B ). More than 20 major veins, numerous stockworks, and minor disseminations were identified during mine-scale exploration. The Ag-Pb-Zn ores are mainly hosted by NW-and NE-trending veins with a length between 50 and ~200 m, which extend over a vertical distance of as much as 300 m (Fig. 2B ). Their widths vary from 1 to 30 m and average ~9 m. The veins are generally gently dipping (Fig. 2G ). Several Ag-Pb-Zn-mineralized veins hosted by the Permian slate have been cut by numerous NE-trending diorite dikes (Fig. 3A) . The diorite dikes show no evidence of alteration or mineralization. The silver-rich ores have Ag grades up to 3,000 g/t. Four primary paragenetic assemblages have been recognized (Zhai et al., unpub. data, 2017) : arsenopyrite-pyrite-quartz, galena-sphalerite-chalcopyrite-pyrrhotite-pyrite-quartz, silver-bearing sulfosalt-quartz, and boulangerite-calcite. The silver mineralization is concentrated primarily in the sulfosalt-quartz assemblage and freibergite is the principal Ag mineral (Zhai et al., unpub. data, 2017) . Hydrothermal alteration is widespread around major mineralized Ag-Pb-Zn veins and is characterized by an assemblage comprising quartz, sericite, chlorite, epidote, kaolinite, calcite, and minor fluorite. The subassemblage quartz-sericite ± chlorite ± epidote is most closely related to silver deposition. A spatial zonation of alteration types is generally not apparent as alteration assemblages are superimposed upon one another. Numerous stockworks, veinlets, and disseminations occur on the margins of the major veins in the altered slate.
Vein-type Cu-Pb-Zn mineralization
Recent underground mine workings have revealed several Cu-Pb-Zn veins cutting gabbro (Fig. 2B ). Some diorite dikes were also identified cutting the gabbro intrusion (Fig. 3B) . The base metal veins and several diorite dikes hosted in the gabbro are mainly controlled by NE-striking faults. This type of base metal mineralization is volumetrically minor compared to the Ag-Pb-Zn veins hosted in the slate. There are many other differences between the Ag-Pb-Zn and Cu-Pb-Zn veins. Most Ag-Pb-Zn veins dip to the northeast, whereas the Cu-Pb-Zn veins dip northwest (Fig. 2B) . The ore minerals in the Ag-Pb-Zn veins are mainly Pb-Zn sulfides and Ag sulfosalts, whereas in the Cu-Pb-Zn veins, the main ore minerals are chalcopyrite, galena, and sphalerite, and Ag-bearing minerals are rarely observed (Fig. 2F ). Hydrothermal alteration minerals adjacent to Ag-Pb-Zn veins include quartz, sericite, chlorite, epidote, and kaolinite, whereas quartz, chlorite, and calcite dominate the alteration around Cu-Pb-Zn veins. There is no evidence of a vertical metal zonation for the Ag-Pb-Zn veins. In contrast, Cu-Pb-Zn veins are zoned from chalcopyrite-(arsenopyrite) at depth to galena-sphalerite at higher levels. The numerous differences between the slate-hosted Ag-Pb-Zn veins and the gabbro-hosted Cu-Pb-Zn veins suggest that they formed from separate hydrothermal systems. Numerous NW-dipping diorite dikes occur both in gabbro and slate, and are parallel to Cu-Pb-Zn veins but crosscut Ag-Pb-Zn veins (Fig. 3) . Thus, whereas the Ag-Pb-Zn veins clearly predated the diorite dikes, the timing of the formation of the Cu-Pb-Zn veins relative to the dikes is unclear.
Sampling and Analytical Methods
Samples for geochronological study were collected from both underground mine workings and drill core in the Bianjiadayuan ore district. The locations and crosscutting relationships for all samples have been well documented . Unaltered quartz porphyries (one from the intrusion center and one from margin), gabbros (one from the deep part of the intrusion and one from the shallow part), and granite dikes (one hosted by gabbro and one by slate; see below) were selected for zircon U-Pb dating (Fig. 2B) ; five molybdenite samples from porphyry-type mineralized veins and veinlets were separated for Re-Os dating (Fig. 2B) ; and, finally, a sericite sample associated with Ag-Pb-Zn mineralization in slate was analyzed for 40 Ar/ 39 Ar dating (Fig. 2B ).
Zircon U-Pb dating
Two samples of unaltered quartz porphyry were collected from drill cores representing the relatively shallow and deep parts of the porphyry system. Zircon crystals from the selected samples were separated by standard heavy-liquid and magnetic techniques and further purified by handpicking under a binocular microscope. Prior to laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS) analysis, the zircon crystals were imaged by cathodoluminescence (CL) with a Quanta 200 F ESEM at Peking University. The U-Pb dating of the zircon was carried out using a multicollector LA-ICP-MS in the State Key Laboratory of Geological Processes and Mineral Resources at the China University of Geosciences, Beijing (CUGB). The crystals were ablated using an excimer laser ablation system (UP193SS). An Agilent 7500a ICP-MS instrument was used to acquire ion-signal intensities. A laser spot size of 36 μm, laser energy density of 8.5 J/cm 2, and a repetition rate of 10 Hz were applied during analysis. Helium and argon were used as carrier and makeup gases, which were mixed via a T-connector before entering the ICP. Th ratios, which were calculated using the GLITTER 4.4.1 software of Macquarie University (www.glitter-gemoc. com), were corrected for both instrumental mass bias and depth-dependent elemental and isotopic fractionation using Harvard zircon 91500 as the external standard (Wiedenbeck et al., 1995) . The zircon standard, TEMORA, was applied as a secondary standard to monitor the deviation of the age measurement/calculation (Black et al., 2003) . Age calculations and concordia plots utilized Isoplot 3.0 (Ludwig, 2003) . The data obtained for the Harvard zircon 91500 and TEMORA zircon standards yielded weighted mean ages of 1062.5 ± 0.5 and 418.0 ± 6.9 Ma, respectively, which are very similar to the reported ages (i.e., 1065 and 417 Ma; Wiedenbeck et al., 1995; Black et al., 2003) .
Molybdenite Re-Os dating
The molybdenite (0.3-5 mm) is mainly present in sulfidebearing quartz veins/veinlets or occurs as coatings on the walls of quartz veinlets in samples in which the immediately adjacent host rock contains phyllic and potassic alteration assemblages. Abundant molybdenite was also found along fractures in quartz porphyry. The molybdenite samples were crushed to 100 mesh and washed; clean molybdenite separates were handpicked under a binocular microscope. Sample preparation and mineral separation were performed following techniques outlined by Du et al. (1994) and Shirey and Walker (1995) . The grain size and amount of molydenite analyzed were those considered necessary to overcome Re and 187 Os decoupling (Selby and Creaser, 2004) . The analyses were carried out in the Re-Os Laboratory at the National Research Center of Geoanalysis, Chinese Academy of Geological Sciences (CAGS). The Carius tube method was used for the dissolution of the molybdenite and equilibration of the sample with tracer Re and Os (Selby and Creaser, 2001 Du et al., 2004) and obtained a measured model age of 140.1 ± 2.8 Ma. The molybdenite age was calculated using a 187 Re decay constant of 1.666 × 10 -11 y -1 with an uncertainty of 0.31% (Smoliar et al., 1996; Selby et al., 2007) .
Sericite 40 Ar/ 39 Ar dating
Sericite is present as a very fine grained alteration phase (0.2-0.5 mm) in slate adjacent to veins containing galena and sphalerite and also in the veins, where it is intergrown with both minerals. The sericite-bearing vein was cut, crushed, washed, and then handpicked to obtain sericite grains, which were irradiated along with the ZBH-25 biotite standard (132.7 ± 1.2 Ma at 1σ; Wang, 1983) for 55 h in the Swimming Pool Reactor, Chinese Institute of Atomic Energy (Beijing). After a three-month cooling period, the samples were analyzed using the 40 Ar/ 39 Ar stepwise incremental heating method and a MM-1200B mass spectrometer at the Institute of Geology, Chinese Academy of Geological Sciences (CAGS). Details of the method were reported by Chen et al. (2006) . The reactor irradiation correction values (J-values) for the sample were calculated by interpolation of the sample position in the silica glass tube. Measured isotopic ratios were corrected with mass discrimination, atmospheric argon components, blanks, and irradiation-induced mass interference. The correction factors of interfering isotopes during irradiation were determined by an analysis of irradiated pure K2SO4 and CaF2. Their values are ( 36 Ar/ 37 Ar) Ca = 0.0002389, ( 40 Ar/ 39 Ar)k = 0.004782, and ( 39 Ar/ 37 Ar0)Ca = 0.000806. The 40 K decay constant used in this study is 5.543 × 10 -10 year -1 , as recommended by Steiger and Jäger (1977) . The age uncertainties without decay uncertainty are reported at the 95% confidence level (2σ). The Ar-Ar age was calculated using Isoplot 3.0 (Ludwig, 2003) .
Results

Zircon U-Pb ages
Zircon crystals in the different igneous rocks in the Bianjiadayuan ore district are colorless, transparent, and euhedral with length/width ratios of 2 to 1. They are characterized by oscillatory zoning in CL images (Fig. 4) . The U-Pb isotope data for these crystals are given in Table A1 . A quartz porphyry sample collected from the center of the intrusion has a mean 206 Pb/ 238 U age of 140.8 ± 0.9 Ma (N = 19, Fig. 4A ), which is indistinguishable from that for a sample collected from the margin of the intrusion with a mean 206 Pb/ 238 U age of 140.2 ± 0.6 Ma (N = 28, Fig. 4B ). Two samples collected from the deep and shallow parts of the gabbro intrusion east of the porphyry intrusion yielded similar mean 206 Pb/ 238 U ages of 133.2 ± 0.9 ; N = 21) and 133.0 ± 0.8 Ma (this study, N = 24; Fig. 4C ), showing that intrusion of the gabbro followed intrusion of the porphyry. A sample of a diorite dike, which cuts the gabbro (Fig. 2B) , yielded a mean 206 Pb/ 238 U age of 130.5 ± 0.8 Ma ; N = 27, Fig. 4D ). Finally, 17 spot analyses on zircon grains from a diorite dike within the slate (Fig. 2B ) yield very dissimilar U-Pb ages. Two of the 206 Pb/ 238 U ages were 1751 ± 23 and 1899 ± 25 Ma, and the others ranged from 130 ± 2 to 314 ± 5 Ma (Fig. 4E) . We consider the two former ages to be inherited from the slate protolith-i.e., they represent detrital grains and, thus, xenocrysts in the diorite dike. The same is probably true of most of the other ages, i.e., those between 314 ± 5 and 155 ± 2 Ma. Two young zircon ages with a weighted mean of 130.0 ± 2.8 Ma are interpreted to provide the best estimate of the crystallization age of the diorite dike (Fig. 4F ).
Molybdenite Re-Os age
Molybdenite and associated sphalerite occur mainly in porphyry-type Sn ± Cu ± Mo veins and veinlets or as disseminations in altered porphyry (Fig. 5A, B) . The results of the molybdenite Re-Os analyses are summarized in Table 1 . Total Re and 187 Os concentrations of the molybdenite samples vary from 0.02 to 1.45 ppm and 0.04 to 2.1 ppb, respectively. Five molybdenite samples with model ages ranging from 137.8 ± 2.0 to 141.8 ± 2.7 Ma yielded a weighted mean age of 140.0 ± 1.7 Ma (MSWD = 1.9; Fig. 5C ), which is consistent with a well-constrained 187 Re-187 Os isochron age of 140.1 ± 1.4 Ma (MSWD = 0.89; Fig. 5D ).
Sericite 40 Ar/ 39 Ar age
As noted above, sericite is intergrown with quartz, galena, and sphalerite in slate-hosted Ag-Pb-Zn veins (Fig. 6A, B) . Thus, sericite and sulfide deposition was likely synchronous. The 40 Ar/ 39 Ar data for this sericite are summarized in Table  2 , and the apparent age spectra and isochron diagram are illustrated in Figure 6C and D. In this paper, a plateau is defined as a sequence of two or more consecutive steps, corresponding to at least 55% of the total 39 Ar released, which show apparent ages reproducible at the 95% confidence level. The plateau age is 138.7 ± 1.0 Ma (2σ; MSWD = 0.57; Fig. 6C ) and the inverse isochron age is 137.9 ± 4.1 Ma (Fig.  6D) , which are consistent within analytical uncertainty. The spectrum is characterized by low apparent ages in the initial four steps, which reflect minor argon loss after sericite crystallization. Argon loss may have been dominated by postmineral thermal resetting or by hot fluids circulating through reopened fractures in mineralized veins at a later time. However, the plateau age is defined by seven continuous heating steps corresponding to 59% of total 39 Ar released and can therefore be reliably interpreted to represent the timing of sericite crystallization. The initial 40 Ar/ 36 Ar ratio of 307 ± 58 is indistinguishable from the atmospheric value, supporting the conclusion that the age is reasonable.
Discussion: Evidence for Discrete Mineralization Events
Numerous studies of the magmatic-hydrothermal deposits in the southern Great Hinggan Range district have shown that most of the ore systems are related to local Mesozoic magmatism (Mao et al., 2005; Zhai et al., 2015; Shu et al., 2016; Chen et al., 2017) , and available geochronological results illustrate that the majority of the magmatic-hydrothermal deposits formed in the Jurassic and Cretaceous (160-130 Ma; Ouyang et al., 2015; Zeng et al., 2015; Liu et al., 2016; Jiang et al., 2017) . These magmatic-hydrothermal systems include porphyry-, skarn-, and base metal vein-type ore deposits associated with roughly coeval granitic intrusions (Mao et al., 2005; Wu et al., 2011; Ouyang et al., 2015) . Precise ages for the base metal vein deposits have been previously lacking, although their formation is commonly assumed to be genetically related to the associated porphyry ore systems. Our geochronological data suggest that multiple mineralization events were responsible for the four different styles of mineralization at Bianjiadayuan. An early hydrothermal event is genetically related to a porphyry intrusion (Fig. 7) . Two fresh quartz porphyry samples collected from the center and margin of the intrusion yielded indistinguishable mean 206 Pb/ 238 U ages of Notes: All uncertainties are reported at the 2σ scale; age was calculated using an 187 Re decay constant of 1.666 × 10 -11 y -1 with and without (bracketed value) an uncertainty of 0.31% (Smoliar et al., 1996; Selby et al., 2007) 140.8 ± 0.9 and 140.2 ± 0.6 Ma, which are consistent with a weighted mean Re-Os age of 140.0 ± 1.7 Ma for molybdenite associated with porphyry-type Sn ± Cu ± Mo veins/veinlets in the intrusion (Fig. 7A ). These ages are also consistent with previously published zircon U-Pb ages for the porphyry intrusion at Bianjiadayuan, i.e., 143.2 ± 1.5 to 140.3 ± 0.3 Ma (Ruan et al., 2015; Wang et al., 2016; Gu et al., 2017) . The breccia-type Sn-Pb-Zn mineralization at the top of the intrusion is considered to have occurred coevally with intrusion of the porphyry, based on the composition of the breccia and the ore mineral assemblage. A single sericite 40 Ar/ 39 Ar age of 138.7 ± 1.0 Ma (2σ; MSWD = 0.57) from Ag-Pb-Zn veins hosted by slate east of the porphyry Sn ± Cu ± Mo deposit is indistinguishable within error from the zircon U-Pb and molybdenite Re-Os ages. Consequently, the early magmatichydrothermal event led to the formation of porphyry Sn ± Cu ± Mo, breccia Sn-Pb-Zn, and Ag-Pb-Zn vein-type mineralization (Fig. 8A, B) . This close temporal relationship between the Ag-Pb-Zn veins and the quartz porphyry with its associated Sn ± Cu ± Mo mineralization is consistent with the occurrence of Ag-Pb-Zn veins near the porphyry and breccia, and the alteration and metal zonation (Sn ± Cu ± Mo, Sn-Zn to Ag-Pb-Zn) of the latter , as well as fluid inclusion and D-O isotope (Ruan et al., 2015) , and S-Pb isotope data (Zhai et al., unpub. data, 2017) , all of which point to a genetic association. The molybdenite samples are characterized by unusually low Re abundance (i.e., 0.02-1.45 ppm, Table 1 ). Normally, in subduction-related porphyry ore systems, Re concentrations in molybdenite are typically at the ~10 to 1,000 ppm level . In contrast, low Re abundance (<10 ppm) has been attributed to metamorphic fluids (Stein, 2006) or an evolved crustal source (Zimmerman et al., 2008) . A likely reason for the low rhenium values in the molybdenite of the Bianjiadayuan deposit is the presence of a large crustal component in the magma, an interpretation that is supported by Sr-Nd isotope data providing evidence for melting of crust (Chen and Jahn, 2001) . The fact that Sn is the dominant metal in the deposit also points to a crustal source for the porphyries (Wagner et al., 2009) .
Although the principal economic metal in the porphyry-type mineralization at Bianjiadayuan is Sn, there are also minor proportions of Cu and Mo. Previous studies have shown that Cu is usually associated with oxidized, subduction-related magmas, whereas Sn is associated with reduced magmas of continental crustal origin (Heinrich, 1990; Sinclair, 2007; Shen et al., 2015; Dilles et al., 2015) . There are, however, a number of ore deposits in which both Sn and Cu are present in appreciable concentrations, e.g., the San Rafael deposit in Peru, the world's largest Sn deposit, which is zoned from Cu at the top to Sn at depth (Mlynarczyk et al., 2003; Mlynarczyk and Williams-Jones, 2006; Wagner et al., 2009) . Because Sn is a lithophile element, it is concentrated in the continental crust (along with Mo) and forms deposits hosted by continentally derived reducing, S-type, peraluminous granitoids, which may be produced by the injection of mantle magmas into deep crustal rocks (Barbarin, 1996) , the likely case at San Rafael (the reducing state of the magma promotes its transport as Sn 2+ ; Mlynarczyk and Williams-Jones, 2005) . Copper, in contrast, concentrates in magmas of mantle origin that may be either oxidizing (subduction related) or reducing (introduced during extension). In the case of Bianjiadayuan, we propose that the Sn was introduced from a reducing A-or S-type granitic magma that was the product of melting of the continental crust by mafic mantle magma during a period of slab-rollback extension (see earlier discussion). We further propose that the Cu in the deposit owes its origin to fertilization of the granitic magma (magma mingling?) by this mafic magma. After the early hydrothermal activity ceased, gabbro was intruded at 133.0 ± 0.8 Ma (zircon U-Pb) east of the porphyry intrusion. Although crosscutting relationships between the gabbro and the porphyry intrusion are lacking, their ages suggest that the gabbro intrusion (~133 Ma) was later than the porphyry intrusion (~140 Ma; Fig. 8C ). As Cu-Pb-Zn veins crosscut the gabbro intrusion, the latter mineralization was younger than 133 Ma (Fig. 7B) . The final magmatic event at Bianjiadayuan was the intrusion of diorite dikes that cut the gabbro intrusion and the Permian slate. The dikes, which cut both gabbro and slate, have zircon U-Pb ages from 130.5 ± 0.8 to 129.7 ± 0.4 Ma (data from this study Wang et al., 2016) , respectively, suggesting that dike emplacement occurred during the same magmatic event (Fig. 7) . The ages are consistent with field observations showing a slate-hosted diorite dike crosscutting Ag-PbZn veins (Fig. 3A) . The similar geologic setting of the diorite dikes and Cu-Pb-Zn veins and their similar structural controls suggest that they could have formed coevally at about 130 Ma (Figs. 7B, 8D) . Alternatively, the late Cu-Pb-Zn event could have followed diorite dike emplacement (crosscutting relationships are not observed between the dikes and the veins, and the latter have not been dated).
A summary of events that formed the Bianjidayuan deposit is presented in Figure 8 . The geologically constrained geochronological data suggest that the deposit was the product of two independent hydrothermal events separated by up to ≥10 m.y. The first of these events was concurrent with the emplacement of quartz porphyry and the second postdated emplacement of a ~133 Ma gabbro but may have been concurrent with the intrusion of diorite dikes of ~130 Ma or postdated them. Thus, the study shows how careful documentation of crosscutting relationships and radiometric age determinations, using multiple methods (U-Pb, Re-Os, and 40 Ar/ 39 Ar), can be used to reconstruct temporal relationships among superimposed mineralization events in relatively complex magmatic-hydrothermal systems like that at Bianjiadayuan.
Our results also have important implications for regional exploration when taken in conjunction with those of other studies of the Great Hinggan Range metallogenic belt. A recent investigation of the Baiyinnuoer Pb-Zn deposit in the southern Great Hinggan Range indicated that it formed during two mineralizing events, an early one in the Triassic overprinted by a late Early Cretaceous event . The Duobaoshan ore district is also interpreted to have formed by multiple events spanning the interval from 480 to 170 Ma (Hao et al., 2015) . These two examples demonstrate a relatively long history (>~100 Ma) of hydrothermal activity and mineralization. This study of the Bianjiadayuan deposit is one of the first to recognize a relatively short duration (≥10 m.y.) for separate hydrothermal events that likely occurred in the same tectonic setting. Our results suggest that exploration should not only focus on the search for 160 to 130 Ma deposits, but also for the relatively young (i.e., <130 Ma) base metal (Cu-Pb-Zn) vein-type deposits, which may be spatially superimposed on the early mineralization systems. A tectonic model involving Paleo-Pacific subduction and subsequent lithospheric thinning, extension, and delamination has been proposed to have triggered the multiple episodes of voluminous Cretaceous granitic intrusion in northeast China Zhang et al., 2008 Zhang et al., , 2010 Wu et al., 2011; Wilde, 2015) that promoted mineralization in the region. The relatively young igneous rocks emplaced during multiple magmatic events along regional/local faults are favorable host rocks and important targets for exploration in this region.
Conclusions
Field observations of crosscutting relationships and a variety of geochronological constraints (U-Pb, Re-Os, and 40 Ar/ 39 Ar dating) reveal that the Bianjiadayuan hydrothermal system comprises two separate mineralization episodes: an early episode at ~140 Ma and a second one at ≤133 Ma. The two events produced different mineralization styles, i.e., porphyry Sn ± Cu ± Mo, breccia Sn-Pb-Zn, and base and precious metal (Ag-Pb-Zn-Cu) vein types. The early episode was associated with a porphyry intrusion and formation of porphyry Sn ± Cu ± Mo, breccia Sn-Pb-Zn, and vein Ag-Pb-Zn mineralization at 140 to 138 Ma (zircon U-Pb, molybdenite Re-Os, and sericite 40 Ar/ 39 Ar). The later episode formed Cu-Pb-Zn veins that are spatially associated with diorite dikes, dated at about 130 Ma (zircon U-Pb), but may be younger (no crosscutting relationships were observed and the veins have not been dated). Our geochronological data suggest that exploration in the Great Hinggan Range should include a focus on late-stage base and precious metal veins that may be superimposed on earlier mineralization in relatively young igneous rocks emplaced during multiple magmatic events along regional/local faults. Table A1 
